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ABSTRACT 

This  report describes the  results of surface damaße experiments 

performed at  I . 06 ^m on proustite (A^ ,AsS   ) and at 0. 694 \im on 

sapphire (o-Al^O^)-    A discussion of surface damage morphology of 

proustite for cw and pulsed illumination is illustrated using optical 

and scanning Hoctron micrographs.    The morphology of surface dam- 

age close to threshold suggests that the mechanism involves the 

absorption of laser radiation by small absorbing centers,   possibly 

inclusions or surface impurities.     Damage thresholds for proustite 

are presented for pulses of different durations at  1 . 06 fj.m (11 nsec 

and -260 nsec)    and the results are discussed in the context of a 

thermal mechanism.     Damage thresholds of low-reflectivity sputtered 

alumina films on proustite were compared with thresholds for an 

uncoated surface of the same sample,   and an appreciable increase in 

threshold |-40,'o) was  observed in some cases indicating the feasibility 

of providing a protective film for proustite.    A series of damage 

threshold studies on ion beam polished sapphire was performed as 

a continuation of work performed on an earlier program.    A thres- 

hold increase of up to ten times was observed,   but a large scatter 

in the data is evident.    The total energy and temporal pulse shape of 

transmittt d pulses at 0. 6^4 \xm have been compared with incident 

pulses as a function of incident power from sapphire surface damage 

threshold to many times higher.     Results of experiments of this 

type are described for different focusing conditions and for different 

angles of incidence in air and in vacuum,    A close connection with 

the dynamics of breakdown is evident in these data,   but a detailed 

interpretation is not offered. 
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SECTION   1 

INTRODUCTION AND Sl'MMAKY 

I hi- problrm of optical damage in l.iscr rn.ttrriiilti hat been 

jjiven coniidcr.iblc .«ttrntiun by .» number >»f inveatitintorM »ince tbe 

early obaervationt.        but in recent ye.ir« the activity hai been sub- 

stantially increabed.     Mi'cau««* of the early uae of poorly controlled 

mu'tirnode iaiera. there waa a »treat deal of di^an remirnt bi-tween 

the reported throahold mults of many worker«.    Thi« waa often 

compounded by a lack of reproducibility in material quality as well. 

Hence,  a few years Afio,   it became evident that more meanintMul 

results would be lorthcominn if damage studies would be performed 

with carefully characterized,   well-monitored Iu»ers with smoothly 

varying spatial .    d temporal properties. 

The firat such investigations were initiated at Hughes Research 

Laboratories in an ARPA-sponsored program lollowed by other care- 

ful investigations at different  laboratories.     Bulk and surface damage 

in a variety of materials have been investigated under a number of 

-lill.Tent   CMMlitioni  and  at   several  wavelengths.    Rather than offer 

an extensive bibliography of published work in laser damage,  we 

refer the reader to the proceedings of recent laser damage confer- 

ences. The  recent work performed at 1IRL is described in two 

recent contract final report«     '      and in a number of tournal 

publications. 

This  report contains the results of continuing experiments 

on laser-induced damage in optical materials.    The emphasis during 

this period has been placed on proustite (Ag^AsS.» at  l.0f>^m and 

sapphire (A1,0   i at 0.694 \im.    In the technical discu««ion (Section II), 

we first discuss the experimental procedure used for the damage 

threshold measurements (Section II-Al.    In Section II-B,   ue discuss 

i 



prouatite damage atudiea beginning with a brief aurvey of our earlier 

experimental reaulta.    Thia ia followed by a discuaaion of aurface 

damage morphology in prouatite for both continuoua and pulsed 

irradiation that ia illuatrated with optical and scanning electron micro- 

grapha.    Optical damage in proustite for pulses of different duration 

ia discussed next,  followed by a brief description of some observa- 

tions in which we discuss tentative evidence for preconditioning of 

ptoustite using low.power illumination a; 1. 06 urn that results in a 

threshold increase.    Finally,  experimental evidence is presented 

indicating that «apphire ahowa promise as a protective low-reflectivity 
coating material for prouatite. 

In Section II-C,  we discuss | continuation of experiments 

already begun on an earlier program with sapphire in which it was 

obaerved that ion beam polishing results in a substantial increase 

(up to lOx) in damage threshold.    In addition,  the results of sapphire 

surface damage experiments are presented in which the transmitted 

pulses are compared with incident pulses with regard to both total 

energy and temporal shape.    Section II-D is devoted to a description 

of the Nd:YAG and ruby lasers used in the program and the associated 

experimental setup«.    Section II-E presents a description of the 

beam diagnostics,   spot siz.e measurements,   and power/energy cali- 

bration procedures used in the program. 

mm 
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SECTION   II 

TK( I IMC AI. DISCUSSION 

A. EXPERIMENTAL PROCEDURE FOR DAMAGE  I HRESIIOLD 
MEASUREMENTS 

In ill the damtgl thrcihold mranuremonts carried out on 

this program.  .. specific procrdun- wai followed to obtain tho desired 

data.    Th^ »ample was prepared in .. preBcribed w.iy (see belowl and 

inspected with the aid of .. microscope for cleanliness ,.mi quality 

of surface finish.    Then it was mounted so that it could be accurately 

positioned relative to the focusing lens with respoct to both lens.to. 

sample distance and to transverse position of the beam relative to 

my point on the surf.ce.    -A Ile.Ne alignment laser was used as an 

aid (or locating the desired point on the surface in tho sapphire 

damage experiments.    It was not used with proustite because it was 

discovered earlier*'' that proustite is damaged by microwatt levels 
of illumination nt M2H A. I 

The desired location on the surface of the sample was exposed 

to a level of Q.switched laser illumination chosen to be appreciably 

below damage threshold.    Then the sample was examined using a low. 

power (20.30») microscope that can be moved m and out without 

disturbing the sample.    K no damage was obsrrved after several 

shots at a given level,  the power was increased iby S to I S%) and 

the sample irradiated ..gain,   and so on until damage occurred.     The 

power at which damage was seen to occur according to this  procedure 

was taken to be damage threshold.    We outline the experimental pro. 

cedure in detail,   because later it will be an important factor in the 

light of some observations made on proustite. 
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In all the experiments,   the powor and/or energy incident 

on the focusing lens was monitored using a photodetector-oscilloscope 

combination calibrated according to the procedure outlined in Sec- 

tion E.    For the ruby laser and the low-power Nd:YAG laser,  the 

temporal pulse shape was monitored in the damage experiments. 

Hence,  the pulse duration coald be measured for each shot.    For the 

high-power Nd:YACi laser,   however,  there was insufficient signal 

to trigger a Tektronix SI 9 oscilloscope while simultaneously damaging 

a sample.    Therefore, the pulse duration used for computing laser 

power quoted for the high-power Nd:YAG laser was taken as the 

average of a number of shots measured separately in which the full 

laser output was monitored with a fast silicon photodiode-51 9 oscillo- 
scope combination. 

The visual detection of surface damage near inception requires 

experience and practice in viewing through the microscope and also 

in choosing the proper surface illumination.    It was found that many 

of the more subtle damages escaped visual detection in the earlier 

experiments because of the critical illumination requirements. 

The quality of the surface finish is important,   not only for 

determining how easily the damage can be seen,  but also in deter- 

mining the threshold at which damage occurs.    Because proustite is 

so soft,  it is virtually impossible to obtain an optical finish that is 

free of scratches by conventional abrasive polishing.    In addition, 

a freshly polished surface that stands in air for a few hours begins 

to take on a cloudy appearance.    This cloudiness increases  slowly 

and is accompanied by a gradual decrease in the measured damage 

threshold by as much as a factor of 2 to 3 over that of the freshly 
polished surface. 

Therefore,  to obtain more meaningful and reproducible data 

for the detailed damage experiments,  all data was taken as soon 

as possible after a final polish was given to a proustite sample — 

usually on the same day.    In addition,  the sample surface was lightly 

mm —i,>.w.^»-;^. ■I^.-^.L. -^. 
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repolished periodically,  whenever damage thresholds were seen to 

begin to drift downward.    After polishing and before any damage 

experiments were undertaken,   proustite samples were rinsed thor- 

oughly with 1,1,2 trichloroethane,   followed by alcohol and finally 

deionized water,   and then dried with a fine jet of Freon from a pres. 

surized container.    This procedure maximized the reproducibility 

of the experimentally obtained threshold quantities and resulted in 

much less experimental scatter than was obtained in earlier 

experiments. 

B. PROUSTITE DAMAGE STUDIES 

1 . Survey of Early Damage Experiments in Proustite 

Some attention has been given to laser-induced surface damage 

in proustite (Ag  AsS  ),   both at Hughes Research Laboratories and 

elsewhere.    In an earlier program at HRL,        damage in proustite 

was studied at 1.06 fxm as a function of pulse repetition rate in the 

range from single-shot operation to 500 pps using a repetitively 

Q-switched Nd:YAG laser.    It was found that entrance surface dam- 

age threshold occurred at a constant pulse peak-power density (or 

energy density) independent of pulse  repetition rate over the 

range studied. 

The results of these experiments and single pulse data at 

0.694 ^m are summarized in Table I. 

2. Damage Morphology in Proustite 

Three distinctly different types of damage are seen on proustite 

entrance surfaces.    The occurrence of a particular type depends on 

the character of the irradiation (i.e.,  whether pulsed or continuous» 

and also to some extent on the quality of the surface finish.    The 

throe types are described in the following paragraphs. 

; 
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a. Molten Craters 

These have heen seen to occur only during cw 

illumination at relatively high cw powers or when a previously created 

pulse damage site is  illuminated with a  relatively low cw power.    Tin- 

formation of these craters  is accompanied by a plume of yellow smoke 

i presumably sulfun,   which sometimes settles on the undamaged sur- 

face in the vicinity of the crater,  depending on the direction of air 

currents  in the laboratory.    The craters have slightly raised i ims 

and relatively flat shiny bottoms that appear black in color and arc- 

apparently the result of molten puddles of decomposed material. 

Crater depth is typically 25 jim.    This type of damage is the most 

catastrophic of thr three types observed.     Examples of this type of 

damage arc seen in Figs.   I  and 2 where we present optiral and 

scanning electron micrographs. 

By being especially vigilant while irradiating the sample 

with continuous illumination at 1.06 fim,   it is possible to cut off 

the light  incident on the sample before the catastrophic crater 

formation takes place.    An example  of the damage formed at incep- 

tion is shown in the scanning electron ml« rographl in Pig. 2 where 

we see evidence of some local melting in a region about 20 |im 
across. 

b. Micromelting 

This type of damage occurs with either single-pulsed 

or repetitively pulsed illumination.    It is characterized by a series 

of somewhat randomly spaced tiny molten regions.    The number 

and density of these regions depends on both the local surface finish 

and the incident power.    When the power is appreciably above 

threshold,  the molten rejjions merge to form a larpe variegated 

damage spot.    At lower powers, th«!re is tendency for these small 

globular sites to cluster along lines of surface scratches.    When 

observed through the low-powe r microscope in the laboratory d.im.ii:«- 
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Fig.   2. 
Scanning Electron Micrographs of Molten 
Crater Damage on Proustitc Formed by cw 11 
lumlnatlon at 1.06 ua.  (a) A Site Formed 
Close to Threshold Viewed at normal Inci- 
dence (b) and (c) Same Site as (a) Viewed 
at 70° from Normal, (d) Normal View, 
(e) Same as (d) Viewed at 70°, (f) Normal 
View, (g) Same as (f) Viewed at 70°. 
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Fig.   2.    Continued. 
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threshold setup,  they appear to h. ve a metallic luster,   and the  region 

In which they are clustered has a darker color ti.an the surrounding 

undamaRcd surface.    Finuro   < shows optical micronr.iphs of proustile 

damage formed close to threshold.   Figure 4 shows icannlng elec- 

tron micrographs of proustite damage for both single and multiple 

pulses. 

Ci Ghost Sites 

This type of damage occurs with continuous illumina. 

tie i at I.U6 >im .ind was a source of much confusion when first 

observed.    Under low magnification in the laboratory setup,  it is 

similar in appearance to the damage described in the preceding p.ir.i- 

r iph b: that is.  it appear» a-a -peckled area with a metallic luster. 

This kind of damage is easily visiblt with the unaided eye as a small 

scattering region on the surface.    Depending on Hi« incident laser 

power and exposure time,  however, the damage fades within id sec 

to iO mm after the laser is turned off ^nd sometimes disappears 

completely.    Thi« type of damage happen» at very low cw power, 

and as the power is increased.  It takes longer to fade away until 

finally a power level is reached at which some ol the damage appears 

to be permanent.   Ghoatmt: ha» been seen also at high repetition 

rate illumination, but only if the »urface finish ha» the cloudy appear, 

ance referred to in th« beginning  if this section. 

•• Optical l)..m.>g.- m Pr tusttte .it I.Ofatim fur Pulse» of 
:> ffrr.rl   .»Mrjtion 

One «»f the main intereata for the preaer* program ha« been 

to measure the damage threshold for proustile at 1.06 urn for pulse» 

of different duration in an attempt to obtain some insight into the 

nature of the damage mechanism.   Thi» wa» done on the »ame »ample 

uaing two different NdiYAC laser» having pulae duration» iFWIIMi 

II 
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M9JI3 2ll2-?5 M9SI4 2112-26 

5/im 

M95I9 

ZOfim 

2112-27 M9320 2112-28 

'O/xm 

Fig.   4.     Scannin«)   Electron  Micrographs   of  Proustite  Sur- 
face   Damage   Generated  by  Pulsed   Irradiation  at 
10.6  um.     The   Picture  Occur  in  Pairs   Shov/ing  a 
Particular  Site  Viewed  at  Normal   Incidence   and 
at  70°   from flornal .     (a)   Through   (d)   Uere 
Formed by  Single  Shot,   (e)   and   (f)   were   Formed 
by   10  Shots,   (q)   and   (h)   Were   Formed   by  500 
pps   for 1   sec. 
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Fig.   4.     Continued. 
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of about iO MM and 260 to )00 MM«    The results are presented in 

Table II. 

Wc feel that while th«- difference in threshold values for the 

t.vo pulse duration)« is a real one, further experimental work is 

required before .» definitive interpretation of the data can be mads. 

It should be pointed out also that the focused spot si«e ai the sample 

surface is substantially different lor the two conditions,  and a pos. 

sible spot size dependence cannot be ignored.    However,  a compari- 

son of our results on Table II samples A and B for 17. 5 nsec pulses 
Ii8l compares favorably with those of Manna, et al, who used a 

laser of the same pulse duration, but substantially different focused 

spot si/c. 

If we ignore for the moment the rather low value obtained 

in our earlier work for the  J00 nsec pulse (sample C» we can quali. 

tatively understand the differences in threshold em-rgy density for 

sample A for the two pulse durations as being consistent with a 

thermal mechanism. 

Let us consider a damage mechanism that involves the 

absorption of radiation and subsequent heating of the material at the 

surface to some critical temperature,  such as the melting point 

at which an irreversible disturbance occurs resulting m permanent 

damage.    Let us consider illuminating the surface with a pulse of 

light.    It th- pulse duration At is short compared with the time T 
c 

required lor heat to diffuse away from the irradiated region,  then 

there will be a critical energy density E    for which the catastrophic 

temperature Tc will be reached.    For all pulses of duration shorter 

than  r ,  one expects a constant energy density damage threshold. 

It is apparent that for pulses longer than  r   it will be possible to 

deposit more energy per unit area than E    before damage can occur. 

because some of the energy deposited in the first part of the pulse 

will have diffused away from the illuminated region before the pulse 

is over.    Finally,  in considering very long pulses le.g.,  continuous 

15 
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irradiationl one can achieve a nondamaninn steady state in which the 

amount of energy per unit time beini deposited is equal to the rate 

at which heat diffuses away from the irradiated  region.    This situa- 

tion corresponds to a constant pow^r density damage threshold. 

The geometrical (i.e.. spot tiae) dependence of such a damage 

mechaniam will depend not only on the beam ipatial profile, but 

also on whether the abaorptiOII is an intrinsic property of the material 

thai .s homogeneoualy distributed, or whether it is localiaed (e.g., 

inclusions or local irregularities!.    The morphology Of proustite 

surface damage close to threshold luggeatl that the latter condition 

is more likely and that the absorbm»-  regions are small compared 

with the beam radii employed m the experiments,   f ^reover, these 

small abaorbing  region! appear to occur at a sufficiently high density 

that there is a high likelihood of encounte rin« many such sites  in 

any given illuminated  region. 

H-cause past experience with different proustite samples 

hai  indicated a wide variation m properties  hath optical and other- 

Wiae from  one   sample to another,    it is not surprising to see an 

appreciable difference in damage thresholds between different 

samples lor the same laser pulse duration (e.g.,   samples A and Cl. 

In fact,   it is more surprising to note the close agreement of thres- 

hold values obtained at  17.5 nsec pulse duration between our results 

and those of Hanna,  et ah'181 

4.            PretouKheninu of Proustite Surfaces Usinu  L..w.Power 
Illumination ' " — 

The study of surface damage in proustite has been further 

complicated by a phenomenon observed  recently in this program. 

The foUowing behavior was noted while performing a scries of 

damage experiments on a freshly prepared sample (Sample A. 

Table III using the low-power NdtYAG laser.     The procedure outlined 

17 
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at the beginning of this section was used in obtaining data in which 

the desired region is irradiated with pulses of gradually increasing 

power until damage is observed.    For several spots on the surface 

that were irradiated with a large number of low-power shots (15 to 20) 

we were unable to obtain damage with repeated pulses at the maximum' 

power available from the laser.    When the sample was moved slightly. 

so that the beam was allowed to strike a spot only about 50 ^m away 

from the previously nondamagable location,  damage invariably 

occurred on the first shot.    Subsequent to observing this behavior, 

we carried out a different series of experiments where we held 

the output of the laser constant for a series of shots,  each time 

hitting a different spot on the surface and examining for damage 

between shots.    This was done over a range of incident power levels 

with about 20 shots taken at each level.    In this series, damage was 

found to occur,   on the average,  at lower levels (30% lower) than for 

cases where the sample was preirradiated at low nondamaging 
powers. 

This behavior was further complicated by the general gradual 

surface degradation always observed with proustite with exposure 

to the laboratory environment.    Hence,  after a few hours the pre- 

conditioning phenomenon seemed to disappear,   or at least diminish 

appreciably to the point that the occurrence of damage at a given 

level seemed to be independent of whether or not the spot of interest 
had been preirradiated at lower levels. 

We point out this behavior as an additional illustration of 
the complexity of damage behavior in proustite. 

5- Surface Damage on Al ^-Coated Proustite 

Recently in another program(7) the idea arose that it 

might be advantageous to provide a protective coating for proustite 

18 
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that would result in better damage proportics.     The combined 

facts that sapphire (AI^O^)  has a high damage threshold and a  refrac- 

tive index (1.76) that is close to the geometric mean between that 

of proustite (-3) and air made it a good potential candidate as a 

low-reflectivity,  damage  resistant coating for proustite. 

E,\rly preliminary experimems using the low-power NdiYAG 

laser indicated that the sapphire-coated surface had a higher damage 

threshold than the uncoated surface.    The  results were inconclusive, 

however,  because there was a lot of scatter in the data;  some spots 

on the surface would not damage with the maximum output from the 

laser while others were damaged at the same level as the uncoated 

surface.    Also,  the quality of the coatings was not as good as  it 

was felt could be achieved.    Hence,   it was decided to perform more 

detailed damage experiments on the better quality coatings that 

became available during this program.    A wafer   of proustite about 

1 5-mm diameter and 2-mm thick was coated in three different 

regions with AI.Ü    coatings of different thicknesses: 1450 A.   1700 A. 

and  1(*7() A which correspond to 0.24 K,   0.28X,   and 0. 33\  at  1 . 06 um. 

A fourth region of the  sample  remained uncoated. 

Damage threshold measurements were made on all four regions 

of the sample using the high-power NdtYAG laser (pulse duration 

17.5 nsec) focused on the entrance surface.    The  results of these mea- 

surements are presented in Table III. 

The damage threshold energy and power densities listed 

in the second and third columns of Table III are the   measured values 

incident upon the  sample  surface.    However,   because a fraction of 

the light is  reflected from the sample,   the actual energy available 

This concept arose in a discussion with H. L. Garvin of HRL who 
has provided the sputtered Al O coatings that have been studied 
on this program 

19 
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tl t W surface for creating (Umag« should b« multiplied by th.- quantity 

l-H. where R li the (nteneity rcflPction coerficient.   Thereforo. a 

moro valid eomparieon of the entrance surface .lama«e threehoMi 

for the coated regioni compared with the uncoated region will account 

for the difference in mtrance surface reflectiviUee. 

The reflectivitiei ..f tho coated lurfacei wore not measured 

directly,  but they can be obtained by . comparison of the measured 

tranemie.iom ai listed in the table.   The energy transmission T 

'»f a slab of absorbing material having reflection coefficients at the 

entrance and exit surfaces of R, and K,. reepectively. is ^iven by 

(l-R,)   (l-llje •od 

I.R.R2e n^T Hi 

«There d is the sample thickness and a is the absorpfon coeffic.ent. 

For region A (uncoated). II,     l^ and we can compute the 

ibsorption e"      fron, the measured transmission value.  T 

1 ' 7^77^ 1.1 

Rearranging (21 and solvin« for e"0'1 w obtain 

_   .    i   .2od TjR,   e • ('-M 2,..od 
T, 0 (Jl 

-od K)2 
m

,'ri 1 

1 tu 
•        ^ V I /? 

4T|*-R|-
y 

('-".)7 J 
<4i 
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Because the «econd term under the square.root radical U 

•mall compared to unity (-0 04). the rad.cal can be expanded u..nB 

(I ♦ x)     " a I  ♦ l/2x for small x and (4) simplifies to 

c.od. 

('^l)' 
<S) 

We assume that the absorption is uniform throughout the 
sample and use the expression 

(6) 

to obtam the reflectivity of the uncoated surface.    Here w u.e the 
value n = 2.65   for proustite. obtaining the value R,  = 0.204. 

To obtain the reflectivity for a particular coated region of the 
sample, we solve (1) for R2 and obtain 

-od     _ 

-Vi- 
;  

(71 

Here, T2 is taken to be the measured transmission through the 

coated region of the sample.   Substituting in (7J for e'od from (S) 
we obtain 

.,    -       '•Ta(l-*.)/T 

riTaRi/(l-Ri)J 
(81 

f'Tfw lndbnref-r2n%%nt ZthuT,iin^y *nd I********* »"die. no     i.lb and n    = 2.55.    We have taken n     2.65 because the 
ou.^H .V.,0«n„      W» fimpl« was not determined.   The value, of R, com- 
puted using n0 and ne respectively, are 0.207 and 0. 191: the dJfer- 

SSlJSSSIf.ftl'j; Va,Ue' " We,, W,thln the "PTimental error of tne transmission measurement.. 
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The reriectivitiei listed in Table III for regions B. C, And D 

.trv computed from (8».    The «mall negative reflectivity listed for 

region C is not real, of course,  hut a result of the experimental 

error in meanurement of thf iiansmissions and the assumption 

that the absorption and reflectivity are unii< rm throughout the 
sample. 

The corrected threshold energy dennitie« listed in Table III 

an« obtained by multiplyini: the appropriate measured values by il-K.i, 

Here we see that all ihre.- coated regions have thresholds higher than 

the uncoated region,  although the values for regions A and D lie 

within experimental error of each other. 

In all cases, the damage 01 A 1.0.-coated proustite occurs 

at the interface between the coating and the surface.   Examples 

of this damage are given in Fig.  *>.    Figure Siai through idl shou 

examples of damage formed when the sample was irradiated at a 

level fairly close to threshold, while Figs. $tel and «fl are examples 

of damage found 1 to \ times threshold.   Figure Hal shows damage 

in the vicinity of a «cratch on the proustite surface where the alumina 

:'ilm became «epa rated fram the «urface prior to the damage forma- 

Hont    In all cases illustrated, the damage appears as small molten 

ulobule» limilar to that seen on the uncoated »urface accompanied 
in most instances by film separation. 

The moderate increase in threshold observed in some 

instances for sapphire.coated proustite offers some promise a# a 

protective coating, but it is evident that the quality of the proustite 

itself muM be improved with regard to both freedom from impurities 

and inclusion« and quality of surface finish.   The nature of the 

observed damage morphology «uggests very strongly that the damage 

thre«hold values obtained »o far are not a measure of the intrinsic 

damage resistance of prou«tite, but indicate a limitation governed 

by impuritie« .md-or inclusions as well as surface fabrication 

2* 
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«» ut«d earlier.    The reason for the longer ion beam exposure was 

to ••• whether the scatter observed in the earlier threshold data 

might be reduced somewhat for a longer treatment.    We see that 

this is not the case. 

The reason for the targe scatter in the threshold data for 

the ion polished samples compared with that for the abrasively 

polished samples is not known,  although a likely interpretation is 

that while a distinct improvement in surface quality is gained by 

ion beam polishing,  the improvement is not uniformly distributed 

over the surface.    This improvement in surface quality could be 

related to either the removal of surface irregularities  ?uch as the 

fine scratches that arise from abrasive polishing,  or to the improve- 

ment in surface crystallinity as evidenced by X-ray topographs,  or 
both these factors. 

Bloembergen has pointed out that the optical electric 

field strength in the neighborhood of surface features,  such as cracks 

and micropores, can substantially lower the threshold for electric 

avalanche breakdown on the surfac.« of transpan-nt dielectrics.    A possi 

ble mterpietation of the scatter m thresholds for the ion polished 

samples compared with the abrasively polished sample is that,   in the 

latter case, the surface quality is uniformly poor,   resulting in a rela- 

tively narrow spread of damage threshold».    For the ion polished sur- 

faces    however, a distinct improvement in quality is attained with re- 

gard to both improved crystallinity and removal of scratches,   but this 

improvement is not uniform over the surface and a broader range of 
thresholds is observed. 
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-• Comparison of Tr.tnMnitt»'d-t<>.lnciHt'nt   Linht iXirm^ 
I).in>,n;i- Cifni' r.tt xm 

From time lo tiin.- tlir question« have .iri»».«n - Wh.it fraction 

<>I th.- innH.n» linht pul«.- i« . onawnoH in t)u- «lamn«.- procsM1' .md, 

Wh.tt is th« temporal «-Ji.ip.- oi «he transmittf«! «I.im.ijjinn P'«'"«-' 

W« hav« attamplad to an>wor thmc qui-stion» with respect 

to surface damaga In -.ipp'iir.-  .nH prouattto.   To ..ccompIi«h this, 

wa hava placed   • diffuse riil.'ctor IMKO» Iwyond the tampla b.-in« 

damagad *ni\ monitored tha transmitted li»«ht in both tim.-resolved 

• nd kime.intagrated faahion.   Hence, we have obtained data that give 

u> the total Integrated energy transmission of the sample during the 

damaninn process as well as the temporal shape ol the transmitted 
pill se. 

Experiments on  -apphire were «lone for b«>tli entrance and 

exit  surface damage usmu three different lenses whose focal lenj-ths 

w.re   <.« cm,   T.f» cm.   and  19 cm.    Qu.litatively,   all the phenomena 

observed wer.- the same for the different focusinu conditions. 

Figure 8 shows the percent-transmission as a function of 

p.uer denalty incident on the entrance  surface of sapphire.    The 

licht is focused on the entrance  surface usinu the  I "-cm lens.     Infe- 

ur..ter|  -iunals from each of two d. lector-  proportional to the  incident 

• nd transmitted liuht,   respectively,   are displayed on each trace of 

rektroni« ^^^ dual beam oacilloaeope.   The ratios of the ilgnala 

■ re meaaured for .-ach -hot with the sample m place and compared 

With the  ratio when the sample is not present.    We see from Fiy.   M 

that the percent.tran-nussp.n  .,f damai-e threshold tl.6GW/cm') 

dropi  aharply from s4 t.) Hf. - to the rann.- ^ to 65%.    A- the    mci- 

d-nt  en.-my  if m. reased,  \M- obs,.rve a monotonic decrease  »n trans- 

miaaion thai appears to level off around ^transmission.    Similar 

data  for ihorter focal length lenses taken  in less detail show the 

same qualitative behavior. 
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Fig.   8.     Percent  of  Total   Energy Transmission  at  6943  Ä 
Versus   Incident  Power  Density of  Light   Focused   at 
the  Entrance   Surface   of  a  Sapphire  Sample. 
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Whon the temporal behavior of the transmitted pulse is examined 

close to threshold,   a similar behavior to that for air breakdown 

plasmas  is observed,   namely a  sharp cutoff of the incident pulse at 

the time breakdown occurs.     However,   even close to breakdown 

threshold,   an appreciable amount  of the  remainder of the pulse con- 

tinues to be transmitted through the damage surface plasma. 

In Fig.   9,   we present a  series  of oscilloscope traces  show- 

ing the temporal  shape of the transmitted laser pulse for increasing 

incident power.    For comparison on each photograph we show also 

a second trace taken at the same power on a separate shot with the 

sample  removed from the beam.     Thus  each photograph gives an 

indication of the time at which the surface plasma forms as well as 

an indication of the degree to which different parts of the pulse are 

attenuated. 

One qualitative feature of interest in the photographs  in 

Fig.   ^ is that at higher powers the  initial  cutoff is  less  steep than at 

lower powers and an increasing fraction of the  remainder of the 

pulse is transmitted  relative to the part that was transmitted before 

breakdown occurrerj.    The  reason for this  increase in transmission 

later in the pulse is likely to be  related to the dynamics of formation 

and expansion of the surface plasmas,   but more  information is needed 

to provide some understanding of the details of this phenomenon. 

All the qualitative temporal  features shown in Fig.   9 are 

observed for both entrance and exit damage in sapphire.    They are 

also seen when the sample is placed in a vacuum chamber with the 

entrance  surface tilted with  respect to the  incident beam.    Recent 

studies at HRL    '       '     '     have   shown   that   there   is   more   than   one 

type of laser-induced surface plasma.     The plasma that occurs at 

the entrance  surface has two components that can be distinguished 

both spatially and temporally.    One component is an air plasma that 

is always  found  in the direction of the incident light beam.    This 

component is not present when the entrance surface is damaged in 
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a vac icuum.    The second component is always spatially directed normal 

to the sample surface,   no matter at what angle the light strikes 

the surface.    The fact that we observe the same transmitted.puls.- 

temporal shape for the sample tilted in vacuum as  in air indicates 

that the dynamics of the air-sustained plasma are not  responsible 

for the temporal characteristics.    Further work on this interestinj- 

phenomenon will certainly provide a deeper unde rstandinj- of the 

details of the damage phenomenon. 

D. LASERS USED IN DAMAGE STUDIES 

1 • High-Power Nd:YAG  Laser 

The high-power Nd:YAG laser las  schematically illustrated 

m Fig.   10)  is pulse.excited by a Kr-arc pump lamp and electro- 

optically Q-switched.     It has the capability of being triggered 

externally from single.shot operation to maximum repetition rate 

of 10 pp= or  internally triggered at  10 pps.     The Nd:YAG  rod is 

0.25-in. diameterby2-in. long,   pumped by the 2-in.  arc length 

Kr lamp in a close coupling configuration.    The output coupler is'a 

flat 47% transmission mirror,   and the high  reflector (Hill used is 

a  53-cm  radius-of-curvature mirror.    To achieve single transverse 

mode control,   the  resonator cavity is internally apertured by a 

2-mm diameter pinhole placed  14 cm from the  1IR mirror.    The 

laser resonator is ^2 cm in length. 

At full output (i.e.,   no transverse mode control),  the output 

energy is approximately  I 00 mJ/pulse with about a ZO.nsec pulse. 

width.     However,   when apertured to pro luce the desirable trans, 

verse mode profile,   the output energy is   reduced to about 7 m.l/pulse 

with an  la.S-nscc pulsewidth.    For single.shot operation,   there 

exists a ±3% amplitude fluctuation in the pulse height from shot to 

shot.    When operated at  10 pps.  the amplitude fluctuation disappears 
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and il •  output i» very llaU*«    Since no lonttitudinal mode control i» 

miploycd, thf pulm« in tempor.-illy n»odulntrd with .implitudf .md 

frequency varyinc nomewhat fron» nhot ««• fh«»t.    t)-«. ilIiiBtopf tr.tce* 

tlluMr.itmc thin modulation for a «eries of 8 consecutive «hots are 

shown in Fig«   11. 

2. Low-Povu'r NdrYAG   Laser 

The low power NdrYAG laser (•• schiTnatically shown in 

Fin.   12 is continuously pumped hy a Kr.arc lunp and acousto.uptic.illy 

Q.switchi'd.    It K.i- Mr (.«palnlity of Inin»; <jperated continuously. 

■ingle pulsed,  or repetitively Q-switched at rates up to ^O kHz.    The 

pump cavity utilizes an «lliptical 2-in.  long cylinder with walls 

coated with evaporated «old.    The NdrYAG rod i* 0. 2'vin. diameter 

hy 2>in.  longi while the Kr.arc lamp discharge is 2.in.  loni; with a 

4»mm bore diameter. 

The resonator cavity i- formed hy two I-m radius-of-curvature 

mirror« separated hy | distance of f>^ cm.    F«>r the «•xperim--nts,  a 

4.2". transmission output mirror was used.    An internal aperture of 

variable diameter provided the transverse m«»de control.    By decrea«- 

inu the aperture si/e,  the TEM      output mode of the laser can be 

obtained by propreasively eliminating the higher order transverse 

modes.    The TEM    .  is then selected with the collapse of the 

degenerate TEM.. mode.   A UV-excited IK phosphor screen is 

utilized for visual selection of the TEM   . mode. 

At full power,  multimode output of S4 \V is obtainable using 

a single 2. S-kW Kr-arc lamp.    However,  due to the well-known 

thermally induced birefrinuence of the NdrYAG rod,  the TEMQQ 

output was drastically reduced to approximately I.S W maximum.tNo 

attempt was made to compensate the Induced birefringence.»   This 

resulted in peak power-* of about I k\V at low repetition rates 

" SOO pps».    The peak power decreased monotically f«»r high repetition 
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Pig.   12.    Experlnental  Setup for Oanage Cxptriatnts Using  the 
Low-Power fid.YAG Laser. 
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r«t#i.   Pultewldths of b«lw#»n 180 to 100 MM ruulUd. dvprnding 

on thm rvp^titton r«l» usH.   Amplltud» •i«bllity was • *S% when 

lh# Us#r was properly «d|u«ir(l.   An oactlloncopr photograph of 

• number of «Ingl» «hot» ihowing lha typir«! reprodunbility for this 

laaar la ahown in Fig. I}. 

*• Htgh.Powrr Q.Switchpd H*iby LMM 

Thr »aperlmrntal »etup it shown in Fig.   14.   The oscillstor 

•mploya a 4.1n.  long by 0.25.in. diamater ruby, pumprd by two 

linaar lamps in a doubla rlliptical pump csvity.   Thr ruby crystal 

Is walar coolad by a clossd cycle rafngrrstion «ystrm maintained 

at 0 C.   The high reflectivity mirror is coated with a •W»"« reflec- 

tivity high.field damage coating from Pi>rkin Elmer Corporation. 

Q.swttchlng Is accomplished with a solution of cryptocyamne in 

methanol in a l-mm path-length cell whose transmission is J0*i at 

6^41 A.   The 2.mm aperture allows oscillation in the TEMn   mode. 

The temperature controlled i I40C| resonant reflector that 

was designed to optimise longitudinal mode control con»ist» of 

two quarts etalons and a quarts spacer, whove combined effect Is 

to enhance cavity mode« separated by I cm      and to discriminate 

against intermediate modes. 

Portions of the laser beam are split off in various ways (see 

Fig.  141. so that the power output, near and far field patterns, and 

F.ibry.Pprot patterns can be monitored for each «hot.   An nscillo. 

scope trace of a typical output pulse for this laser is «hown in 
Fig.  I*. 

The water.cooled amplifier ruby is 6.In.  long by 0. S.in. 

diameter, with one end wedged rel tlve to the other by about 0. S0. 

The input end of the amplifier rod is antireflection coated to mini- 

mise the chances of oscillation within the amplifier itself.   The 

ruby rod is closely coupled to a helical flashlamp. which is pumped 
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Oscilloscope Traces Showing Output of 
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ALIGNMENT   LASER 

M| APERTURE 

D— 
DYE 
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RUBY   AND 
2mm     FLASH LAMP   RESONANT 

{£ 

REFLECTOR Wi M2 

M]      i 4*  & 
RUBY 
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NO I ü—' MgO 

DIFFUSER 
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\/ MgO 

LENS 
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Fig.   14.     Experimental   Setup   for   Damage   Experiments   Using 
Single   Mode   Rube  Laser  and  Amplifier. 

HRL 265-5 

Fig. 15. 
Oscilloscope Trace Showing Ruby Laser 
Output.  Sweep Rate is 20 nsec/div. 
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TABLE IV 

Characteristic» of Lasers Used on Program 

ProptTtici 
iiiiih Power 

NdiYAC. 
I.uw Power HiUh Power 

R<iby l.aaer 

.'. avalMglli 1. !>•   i>in 1. 0«    Ml" 0. i.94 MHI 

Upi-ratint: Char.t« tfnati« - NlMlt ahoi 
lo 10 ppa 

^mtfSe ahoi 
to ^0. 000 
ppa HI  i w 

Single ahot 

Mode Hropcrtiea 1 »Moo 1 KVloo IK Moo 
Peak Power «P .Ued Mod.) )00 k« 1 hi MMH 

ElMrgy per  P.lie 'i. mJ H). IS mJ -1% mJ 

P..Ue Width (FWHM) II.i nsec J fiit. 100 naec "10 naec 

\v Sjnule Mode CU   Power . . I.I w • • 

Mi-.mired He.im l<.»di .• •<• am »7 nm St.   pin 
it  Lena FOCUI lur Dm   ..' 
Kxperimenla 

l-oc.il Irfltgttl ot  l.enaea II cm II cm If CM 
t aed in DanMge 
Kxperimenla 

  

' rte lir.»m radiua ta defined he 
correaponda in thi   1   H r .flm 

re .•• lie  1   e radiua for the electric Held, which 
* • .r ihe mlenailv. 

rm 

with power üiipply cap.ililr of deliverinit H kJ in a l«maec pulse. 

The powor supply «•mploy» a pulse shaptnit network of iQ MdlMM 

each section pumping for l^o^aec.    The maximum gain obtained 

with th«- amplifier \* about  I" dH. 

Table IV compares the characteristics of the three lasers 

utili/.ed for this program. 

E. BCAM DIAON0IT1C8 AND POWER CALinRATIOCS 

I. hi-.mi D .icnosttc« .it  1. Of um 

Di-tails of thi- beam »pot !• iy.es were determined by measuring 

thi* diameter of burn »pots on unexposed developed Polaroid film for 
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known incident powers ranging from the burn threshold to the maximum 

power avaiUble from the laser.    The measurements were made for 

the two Nd:YAG lasers employed in this program.    For the Nd:YAG 

lasers,  spot size was determined at the position of the entrance 

surface of the proustite samples that were studied.    This position is 

■ lightly upstream from the waist of the beam as it is focused by the 

11-cm lens. 

For each laser,   about 40 shots were taken for which burn 

spots were measured.    The diameters of the burn spots were mea- 

sured using an optical microscope with a calibrated reticle at 

200 x magnification.    The technique was found to be surprisingly 

well.suited to this sort of measurement.    It was found that the 

burn spots are extremely well defined:   the boundary between the 

burned and unburned regions of the film is very sharp.    Examples of 

burn spots are shown »n Fig.   16.    The validity of this technique is 

based on the assumption that the film possesses a sharp burn thres- 

hold, and that the diameter of a given burn spot is equal to the beam 

diameter at which the intensity «or energy densityl equ.ils the burn 
threshold. 

The following expression would thenapply for a gaussian beam: 

It Ioexp ( - dt
2/4a2» (i) 

where lo is the peak intensity. lt is the intensity at burn threshold, 

dt is the dlsmeter of the burn spot, and a is the characteristic I/e 

radius for the intensity. 

Taking logarithms we have: 

In Io   -   d2/4a2   *  (n I, (2) 
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Fig.   16. 
Photomicrographs  of Nd:YA6 
Laser Burn Spots on Polaroid 
Film for Different  Incident 
Powers. 
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F rcm eq.   (2) we see that a semilog plot of peak power versus 

the square of the burn spot diameter should give a straight line with 

slope i-qual to l/4a    and intercept equal to fn I. for a gaussian beam 

profile.    Deviationi from gaussian behavior will be evidenced as 

curvature in these plots.    Data for the two Nd:YAG lasers are plotted 

in Figf,   IT and  IS.    Deviations from linearity are evident at the high- 

power end of these plots (corresponding to the wings of the distribu- 

tion),   and the curvature is such that the actual beam profile contains 

more energy in the wings than an ideal gaussian distribution.    That is, 

the burn spots formed at high powers are larger than those expected 
for gaussian beams. 

From the slopes in Figs. 17 and 18, we obtain values for a, 

the l/e radius for the intensity of 60.8 fim for the high-power laser 

iFig.   I 7) and 26. 4 ^m for the low-power laser (Fig.   18).    The 

corresponding values for Q = »JTk, the l/e radius  for the field (which 
2 

is the  l/e     radius for the intensity) are 86.0 fim for the high power 

laser and 37. 3 |im for the low-power laser.    The experimental 

accuracy for the spot size measurements is ±8%. 

~- Ream Diagnostics at 694? A 

A detailed series of beam profile and spot size measurements 

on the single-pulse  ruby laser have been carried out in connection 

with another program. The beam was photographed using a 

multiple exposure camera incorporating nine lenses,  each one having 

a different amount of optical attenuation.    Hence,   each photograph 

contains nine different exposures of the same spot.     By taking 

densitometer scans of the different spots,  detailed information can 

be obtained about the spatial beam profile without requiring knowledge 

of the film response characteristics.*"  '    The results of a series 

of beam profile measurements are included in Reference (6).    The 

far-field spatial profile was found to be gaussian down to 8% of the 
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Fig.   17, Log  P.Versus  d2  for Burn  Spots  Taken  at  Focus 
for  High-Power Nd:YAG  Laser. 
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Low-Power  Nd:YAG Laser. 
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peak.    The spot size at the beam waist under the focusing conditions 

(19 cm lens) for the experiments carried out in this program for 

the pulsed ruby laser is  ^-jim radius at the  1/e points for the 

electric field. 

^. Power Calibration Measurements 

For the pulsed ruby and hi^h-power pulsed Nd: YAG lasers, 

the output energy was measured usinj- a calibrated Madron thermopile 

and simultaneously comparing the measured energy with the output 

of the monitorinR Si photodetectors.    From that point,   the Si photo- 

diodes were used as secondary standards.    The energy of a single 

pulse was measured with the ruby laser while the total energy in a 

series often pulses was typically measured for the Nd:YAG laser 

operating at 10 pps.    The energy per pulse was then obtained by 

dividing the total energy by the number of pulses.    Temporal peak 

powers quoted in this report are obtained by dividing the total energy 

per pulse by the pulsewidth (FWHM).    Power calibrations for the 

low-power Nd:YAG laser were carried out by measuring the average 

power in the beam using a C RL Model 10\  power meter,  while the 

laser was operating at a given known pulse repetition rate and 

simultaneously monitoring the output of the photodetector monitor. 

Hence,   from a knowledge of the repetition rate,   average power,  and 

pulsewidth,   values of peak power and energy per pulse can be 

obtained. 
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SECTION   III 

PLAN'S FOR NEXT PERIOD 

During the next period,  we shall pursue the possibility of 

providin« a hotter quality surface finish on proustite than is obtainable 

by conventional abrasive polishing techniques.    We have been experi- 

mentinn with immersive polishing techniques for obtaining a    super 

polish    on sapphire with some success,   but the apparatus needs to 

be further refined.    When a super polished sapphire becomes avail- 

able,   its damage threshold will be compared with that of ion beam 

polished samples.    We shall pursue further the behavior noted in 

Section C.2 for sapphire in an attempt to gain a better understanding 

of the temporal pulse shape of the transmitted pulse.    In addition, 

we shall examine the temporal shape of the pulse reflected back 

from the sample surface durinu damage formation and attempt to 

correlate the temporal features of transmitted and reflected pulses. 

If it is possible to obtain a better quality proustite surface than 

that previously available,   we will apply a low.reflectivity sapphire 

coating and again compare damage thresholds with the uncoatcd 
sample. 
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